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The localization of certain mRNAs to the vegetal cortex of Xenopus oocytes is of crucial importance for
germ cell development and early embryonic patterning. Vegetal RNA localization is mediated by cis-
acting RNA localization elements (LE). Several proteins assemble on the RNA LE and direct transport to
the vegetal cortex. Although a number of localization RNP components have been identiﬁed, their full
composition is unknown. In an RNA afﬁnity puriﬁcation approach, using the dead end 1 (dnd1) RNA LE,
we identiﬁed Xenopus Celf1 as a novel component of vegetal localization RNP complexes. Celf1 is part of
an RNP complex together with known vegetal localization factors and shows speciﬁc interactions with
LEs from several but not all vegetally localizing RNAs. Immunostaining experiments reveal co-localization
of Celf1 with vegetally localizing RNA and with known localization factors. Inhibition of Celf1 protein
binding by localization element mutagenesis as well as Celf1 overexpression interfere with vegetal RNA
localization. These results argue for a role of Celf1 in vegetal RNA localization during Xenopus oogenesis.
& 2015 Elsevier Inc. All rights reserved.1. Introduction
RNA localization is a widely used mechanism restricting pro-
tein synthesis to distinct cellular locations and creating cellular
asymmetry. In Xenopus, a deﬁned group of mRNAs localizes to the
vegetal cortex during oogenesis; such RNAs have been demon-
strated to serve important functions in germ layer formation and
axial development, as well as in germ cell speciﬁcation and mi-
gration (reviewed in King et al., 2005; Bauermeister et al., 2014;
Dzementsei and Pieler, 2014). At least two different sorting path-
ways are involved in RNA localization to the vegetal pole. The
“early” pathway operates in stage I–II oocytes by entrapment of
transcripts into the mitochondrial cloud, while the “late” pathway
mediates active RNA transport to the vegetal cortex in a micro-
tubule and motor-protein dependent manner during mid-oogen-
esis. RNA signal sequences account for vegetal localization; these
sequence elements are referred to as zipcodes or localization
elements (LEs), and they have been mapped for a number of dif-
ferent vegetally localizing mRNAs in Xenopus oocytes. LEs are
variable in length and mostly reside within the mRNA 3′UTRs
(reviewed in Kloc and Etkin, 1995; King et al., 2005; Bauermeister
et al., 2014).
LEs function through binding of trans-acting factors,ingen.de (D. Bauermeister),
. Pieler).presumably resulting in the formation of large ribonucleoprotein
(RNP) complexes. A fair number of trans-acting factors involved in
vegetal localization of the late localizing gdf1 (formerly known as
vg1) mRNA have been identiﬁed, including Ptbp1 (Cote et al.,
1999), Igf2bp3 (Deshler et al., 1997; Havin et al., 1998), Hnrnpab
(Czaplinski et al., 2005), Staufen 1 (Stau1) (Allison et al., 2004;
Yoon and Mowry, 2004) and Prrp (Zhao et al., 2001). While some
of them bind gdf1-LE already in the nucleus (Kress et al., 2004),
others assemble into the localization complex only in the cyto-
plasm; all localization factors characterized so far appear to re-
main at the vegetal cortex associated with their RNA binding
partner (reviewed in Lewis and Mowry, 2007; Bauermeister et al.,
2014).
dead end 1 (dnd1) is a late localizing mRNA in Xenopus oocytes
and encodes a protein, which has conserved functions in germ cell
development, migration and survival (Weidinger et al., 2003;
Youngren et al., 2005; Horvay et al., 2006). Proteins binding to the
dnd1-LE are only partially identical to those binding to the gdf1-LE
(Horvay et al., 2006). In a previous study we were able to de-
monstrate that Elavl1 and Elavl2 bind to the dnd1-LE and are cri-
tical for dnd1-LE localization (Arthur et al., 2009).
In an attempt to further investigate the composition of vegetal
localization RNP complexes in Xenopus oocytes, we employed an in
vitro reconstitution/mass spec approach, leading to the identiﬁ-
cation of the RNA binding protein Celf1 (also known as CUGBP1 or
EDEN-BP) as a novel component of several but not all vegetal RNA
localization complexes in Xenopus oocytes. Localization assays
addressing the role of Celf1 in RNA localization indeed suggest an
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2.1. Preparation of Xenopus laevis oocytes and extracts
Ovaries were obtained from pigmented or albino X. laevis,
collagenase treated for up to 1.5 h in 0.1 mg/ml Liberase (Roche) in
collagenase buffer (82.5 mM NaCl, 2 mM KCl, 1 mM MgCl2, 5 mM
HEPES pH 7.5) and washed in MBSH (80 mM NaCl, 1 mM KCl,
2.4 mM NaHCO3, 20 mM HEPES pH 7.5, 0.82 mM MgSO4, 0.33 mM
Ca(NO3)2, 0.41 mM CaCl2). Isolated oocytes were staged according
to Dumont (1972) and kept at 18 °C. Oocytes were homogenized in
IPP145 buffer (Loeber et al., 2010), centrifuged 10 min at 4 °C and
clear lysate was used for SDS-PAGE or immunoprecipitations.
Nuclei and cytoplasm were dissected manually in IPP145 buffer
and homogenized in a 200 ml volume. 1 ml acetone was added and
proteins were precipitated at 20 °C. After centrifugation for
30 min at 4 °C, protein pellets were dried and resuspended in 2x
SDS-PAGE loading buffer. For Western blot analysis 2 oocytes or
nuclei/cytoplasm were used per lane.
2.2. Identiﬁcation of candidate localization proteins by RNA afﬁnity
puriﬁcation and tandem mass spectrometry
The PP7/PP7CP-based RNA afﬁnity puriﬁcation strategy (Hogg
and Collins, 2007) was used to reconstitute and isolate vegetal
transport complexes from stage III/IV extracts. The PP7 hairpin
containing RNA-tag was generated by annealing the partially
overlapping, phosphorytated oligonucleotides RAT-up2 GGAA-
GATCTAAGCTTTAAGGAGTTTATATGGAAACCCTTA-
GACGTCGGCACGAGGT and RAT-low2 CGCGGATCCATCGATGGCAC-
GAGTGTAGCTAAACCTCGTGCCGACGTCTAAGGGTT followed by pri-
mer extension using Taq-polymerase. The product was cut with
BglII/BamHI and ligated into the BamHI site of pBluescript II
(ΔSacI/SpeI). Dnd1- and velo1-LEs (Claussen and Pieler, 2004;
Horvay et al., 2006) as well as β-globin 3′-UTR (ampliﬁed from
cDNA with the following primers: CGGGATCCACCAGCCTCAAGAA-
CACC and CCGCTCGAGAGGAGCAGATACGAATGG) were cloned into
BamHI/XhoI sites. XhoI-linearized templates were used for T7-
mediated in vitro synthesis (T7-Megashortscript, Ambion) of PP7-
tagged RNAs. For RNA-afﬁnity puriﬁcation, 20 ml rabbit IgG agarose
(Sigma) was incubated with excess recombinant ZZ-tev-PP7CP
(400 pmol) in YSS-buffer (Kress et al., 2004) with protease in-
hibitors (Complete, Roche) before addition of 100 pmol PP7-tag-
ged RNA. Bacterial expression and puriﬁcation of ZZ-tev-PP7CP
was essentially as described (Hogg and Collins, 2007). Pre-as-
sembled and immobilized ZZ-tev-PP7CP/PP7-LE-RNA complexes
were incubated with 100 ml stage II–IV oocyte S16 extracts. For the
preparation of S16 extracts, approximately 500 ml stage II–IV oo-
cytes were homogenized in 500 ml YSS buffer and centrifuged for
10 min at 16,000g. 600 ml of the supernatant (S16 extract) was
incubated with 50 ml of total yeast RNA (10 mg/ml, Ambion) prior to
afﬁnity puriﬁcation. Reconstitution of localization complexes was
performed for 1 h at 4 °C. After extensive washing with YSS buffer,
RNA/protein complexes were eluted by addition of 5 units AcTEV
protease (Life technologies) and incubation for 1 h at 25 °C and
separated from ZZ-tag bound IgG agarose by using micro Bio-Spin
chromatography columns (BIO-RAD). The eluates were subse-
quently analyzed by Western blot, silver staining and mass
spectrometry.
For mass spectrometric analysis of localization complex pro-
teins, protein eluates were separated by SDS-PAGE and stained
with colloidal Coomassie Blue (Invitrogen). Single lanes (dnd1-LE,
velo1-LE and β-globin) were cut into similar sized pieces andsubjected to in-gel tryptic cleavage (Shevchenko et al., 1996). The
extracted peptides were analyzed under standard conditions by
HPLC-coupled ESI-MS/MS on a linear ion-trap mass spectrometer
(4000 Qtrap; Applied Biosystems) coupled to an Agilent 1100 na-
nochromatography system. Peptide fragment spectra were sear-
ched against NCBI Xenopus databases by using the Mascot (Matrix
Science) and X! Tandem (The GPM) search engines and further
analyzed using Scaffold (Proteome Software) for sample
comparison.
2.3. DNA constructs and cloning
For expression in oocytes and in vitro translations, the open
reading frames (ORF) of Celf1 and Ptbp1 were ampliﬁed by PCR from
oocyte cDNA and subcloned into EcoRI and XhoI sites of pCS2þFlag
vector. The GST construct was ampliﬁed from a GST containing ex-
pression vector using the following primers CGGAATTCAATGTCCCC-
TATACTAGGT (forward), CCGCTCGAGCGGGGATCCCAGGGGCCCCTG
(reverse), digested with EcoRI and XhoI and cloned into the
pCS2þFlag vector. The eGFP construct was ampliﬁed from an eGFP
containing vector with restriction sites containing primers and after
digestion it was cloned into the pCS2þFlag vector. The dnd1-LE was
ampliﬁed from plasmid template (Arthur et al., 2009) using the fol-
lowing primers GGATCCCTGCCCTTGCATCCTACATTT (forward),
CTCGAGGCAGGGAGCAGGCAGATGACG (reverse) and cloned into
pGEM-T easy (Promega). The grip2-LE fragment was ampliﬁed from
plasmid DNA using the following primers CGGGATCCGCATCA-
GAGGCAGTTGTATC (forward), CCGCTCGAGAGAGACATCCCAAACAAA
(reverse) and cloned into pGEM-T easy (Promega). The gdf1-LE
fragment (Claussen and Pieler, 2004) was cloned into BamHI/XhoI
sites of pBluescriptKSþdeltaSacI/SpeI. The velo1-LE fragment con-
taining BamHI/XhoI was cut out from pBK-CMVlacZ-velo1 (nucleo-
tides 2592-2704) (Claussen and Pieler, 2004) and cloned into
pBluescript KSþ (Stratagene). To reduce the length of the transcribed
vector sequence, the plasmid was then cut with SacI/SpeI and re-
ligated. The β-globin-3′UTR fragment was ampliﬁed from X. laevis
genomic DNA using the following primers GGATCCCTGCCCTTG-
CATCCTACATTT (forward), CTCGAGGCAGGGAGCAGGCAGATGACG
(reverse) and cloned into pGEM-T easy. For detection of localized
RNA by WMISH, the full length or 5′del1 wild-type/mutant dnd1-LEs
were cloned into lacZ containing pBK-CMV as described in Horvay
et al. (2006).
Deletion fragments of dnd1-LE were ampliﬁed using forward
primers containing a T7 sequence. Mutations in the 5′del1 dnd1-LE
and in the Celf1 RRM domains or potential phosphorylation sites
were created stepwise by site-directed mutagenesis using the
QuikChange II Site-Directed Mutagenesis Kit (Agilent technolo-
gies) according to manufacturer's instructions. In order to interfere
with Celf1 RNA binding capacities, phenylalanines that have been
reported to be critical for RNA binding (F63, F152) (reviewed in
Maris et al., 2005) were substituted for alanines in the RNP1 of the
N-terminal RRM1 and 2, which are critical for RNA binding (Bon-
net-Corven et al., 2002). In order to create the phospho-mimetic
mutant Celf1, potential serine, threonine and tyrosine phosphor-
ylation sites within Celf1, as predicted by the Scansite motif scan
program (Obenauer et al., 2003) and the NetPhos 2.0 Server (Blom
et al., 1999), were mutated to aspartic acid that mimic the negative
charges of phosphate residues. Sequences of primers are available
in the supplemental materials.
For expression of recombinant proteins, wild-type or phospho-
mimetic Celf1 were ampliﬁed from plasmid template using pri-
mers containing Nhe1 and Xho1 restriction sites and cloned into
expression vector pET21a (Novagen). Flag-Elavl1 and Flag-Elavl2
were cut out from pCS2þ plasmids (Arthur et al., 2009) and
cloned into NcoI/XhoI sites of pET21d (Novagen). The Igf2bp3 ORF
was ampliﬁed from plasmid template and cloned into EcoRI/XhoI
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obtained from pGE40LoVe (Czaplinski et al., 2005) and subcloned
into pQE-32 (Qiagen). Ptbp1 ORF was ampliﬁed from plasmid
template and cloned into BamHI/StuI sites of pQE-30.
2.4. Puriﬁcation of recombinant proteins
Recombinant Igf2bp3 protein was expressed in E. coli Rosetta
and cells were disrupted using a ﬂuidizer. Protein was puriﬁed
essentially as described in Farina et al. (2003). Lysis buffer was
exchanged by Prescission protease buffer (50 mM Tris/HCl,
100 mM NaCl, 1 mM EDTA, 1 mM DTT) and proteins were eluted
by Prescission protease cleavage over night and then dialyzed
against storage buffer (PBS, 136 mM NaCl, 10% glycerol, 0.05% Tri-
ton X 100, 1 mM DTT).
His-tagged recombinant Celf1, Hnrnpab, Ptbp1, Elavl1 and
Elavl2 proteins were expressed in E. coli strain BL21 (DE3), cells
were disrupted using a ﬂuidizer and puriﬁed by Ni-NTA columns
(Qiagen) essentially as described in Git and Standart (2002). After
washes with HNTA (1 M NaCl, 50 mM NaH2PO4 pH 7.8, 1 mM DTT,
1% Triton X-100) and MNTA (500 mM NaCl, 50 mM NaH2PO4, pH
7.8, 1 mM DTT, 1% Triton X-100) containing 10 mM Imidazol, pro-
teins were eluted in MNTA containing 400 and 1000 mM imidazol
and dialyzed against storage buffer M (Git and Standart, 2002).
For comparison of wild-type and phospho-mimetic Celf1 RNA
binding afﬁnities, both proteins were puriﬁed under denaturing
conditions using Ni-NTA columns (Qiagen) according to manu-
facturer's instructions. In brief, cells were lysed in buffer B
(100 mM NaH2PO4, 10 mM Tris/HCl, 8 M urea, pH 8.0) and cellular
debris was pelleted by centrifugation at 10,000g for 30 min. The
clear lysate was incubated with Ni-NTA resin for 1 h at 4 °C and
loaded into a column (Qiagen). After ﬂow through, the resin was
washed twice with 4 ml buffer C (100 mM NaH2PO4, 10 mM Tris/
HCl, 8 M urea, pH 6.3). Proteins were eluted 4 times with 0.5 ml
buffer D (100 mM NaH2PO4, 10 mM Tris/HCl, 8 M urea, pH 5.9),
followed by 4 times with 0.5 ml buffer E (100 mM NaH2PO4,
10 mM Tris/HCl, 8 M urea, pH 4.5). Protein solutions were sup-
plemented with total yeast RNA (0.5 mg/ml) and re-natured by
stepwise dialysis against dialysis buffer 1 (500 mM NaCl, 50 mM
NaH2PO4, 0.1% Triton-x-100, 1 mM DTT, 10% glycerol), followed by
dialysis against storage buffer M (Git and Standart, 2002). All re-
combinant proteins were frozen in liquid nitrogen and stored at
80 °C.
2.5. In vitro transcription
In vitro transcription of capped RNAs was done using the
mMessage mMachine sp6 Kit (Ambion) according to manufac-
turer's instructions. Labeled RNAs for oocyte injection and co-im-
munoprecipitations were synthesized from linear pGEM-T easy
vector (Promega) using T7 RNA polymerase (Thermo Scientiﬁc)
and 3.5 nmol Cyanine-3-UTP (Perkin ELmer, NEL582) or 1 nmol
Aminoallyl-UTP-ATTO-633 (Jena Bioscience, NU-821-633) in a
25 ml reaction volume containing 10 nmol rATP, rCTP, rGTP,
6.4 nmol rUTPs, 1x transcription buffer, 30 mM DTT and 40 U Ri-
bolock RNase inhibitor. Capped RNAs were puriﬁed using Illustra
RNASpin Mini kit (GE Healthcare) and labeled RNAs using the
RNeasy
s
Mini kit (Qiagen GmbH) according to the manufacturer's
instructions.
2.6. Oocyte injection and localization assay
Oocyte injections were done essentially as described in Claus-
sen and Pieler (2004). For injection of mRNA encoding Flag-tagged
proteins, 11.5 ng or indicated amounts of capped RNA was in-
jected into the cytoplasm of stage III oocytes in 3 nl volume.Oocytes were incubated 24 h at 18 °C in MBSH and then either
homogenized or injected with lacZ-tagged dnd1-LE RNA. Oocytes
for immunoﬂuorescence or RNA localization assays were injected
with 75 pg Cy3-labeled dnd1-LE or 100 pg lacZ-tagged dnd1-LE
RNA in 1 nl volume into the nucleus and incubated at 18 °C in
vitellogenin-enriched L-15 culture medium (50% L-15 medium,
1 mM L-glutamine, 1 mg/ml insulin, 15 mM HEPES pH 7.8, 100 mg/
ml gentamycin, 50 mg/ml tetracycline, 50 units/ml nystatin,
2.5 mg/ml isolated vitellogenin). Oocytes for immunoﬂuorescence
and in situ hybridization were ﬁxed after 48 h and oocytes for the
RNA localization time-course were ﬁxed after indicated time
periods.
2.7. Immunoﬂuorescence staining and whole mount in situ hy-
bridization (WMISH)
Immunostaining was done as described in Gagnon and Mowry
(2011). Primary antibodies were α-Celf1 (CUGBP1, sc-20003, Santa
Cruz) and α-Igf2bp3 (Zhang et al., 1999), secondary α-mouse-
Alexa633 (A21052, Invitrogen) and α-rabbit-Oregon-Green488 (O-
11038, Invitrogen). All antibodies were diluted 1/500 in PBTþ2%
horse serumþ2% BSA except for α-Celf1, which was diluted 1/250.
RNA localization of lacZ-tagged dnd1-LE was visualized by in situ
hybridization as described previously (Harland, 1991; Hollemann
et al., 1999) using digoxygenin-labeled antisense lacZ RNA.
2.8. Imaging and quantiﬁcation of RNA localization efﬁciency
Fluorescent RNA and stained proteins were visualized by Con-
focal imaging (LSM780, Zeiss) as described in Gagnon and Mowry
(2011). Quantiﬁcation of localization efﬁciency was done by
measurement of the mean ﬂuorescence at the vegetal cortex (Vg)
versus the animal cytoplasm (An) as described previously in Cza-
plinski et al. (2005). The Vg/An ratios of approx. 10 oocytes per
time point were averaged. Quantiﬁcation of RNA localization as
detected by WMISH was done by counting oocytes that show lo-
calization. Variations in oocyte localization capability were
equalized by normalization to localization activity in eGFP injected
oocytes, which were set to 100%.
2.9. Electrophoretic mobility shift assays (EMSAs)
To analyze binding afﬁnities between wild-type and mutant
dnd1-LE to different proteins, wild-type and mutant 5′del1 dnd1-
LE fragments (Fig. 4A, B) were used. 0.4 pmol Cy3-labeled RNAwas
incubated with different concentrations of recombinant proteins
in a 20 ml reaction mix containing 1x UV-crosslinking-buffer
(Claussen et al., 2011) for 30 min at RT. 5 ml loading buffer (50%
glycerol, 50 mM Tris/HCl pH 7.5, 0.01% bromphenol blue) was
added and the whole volume was loaded on a 1% agarose Tris/
acetic acid/EDTA buffer gel. The gel was run in 1x Tris/acetic acid/
EDTA buffer at 40 V for 1.5 h and analyzed by phosphor-imaging
(Typhoon 2400, GE Healthcare). The band intensities of bound and
unbound fractions were quantiﬁed using ImageQuant 5.2 (Mole-
cular Dynamics) and non-linear curve ﬁtting and KD calculations
were done using Prism 6 (GraphPad).
2.10. Co-immunoprecipitations
For co-immunoprecipitations of proteins from lysate, stage III/
IV oocytes were injected with capped RNA encoding Flag-tagged
proteins. After 24 h incubation at 18 °C in MBSH, 200 oocytes were
homogenized in IPP145 buffer. Yolk was removed by 10 min cen-
trifugation at 4 °C and protein complexes were im-
munoprecipitated from clear lysate by incubation with α-Flag M2
afﬁnity gel (A2220, Sigma-Aldrich) for 1 h at 4 °C. Precipitated
Fig. 1. Celf1 is a novel component of the vegetal RNA localization complex in Xenopus oocytes. (A) Gel-electrophoretic analysis of the total protein composition of RNA-
afﬁnity-puriﬁed complexes. Proteins speciﬁcally co-precipitating with dnd1-LE and/or velo1-LE but not, or only to a lesser extent, with the β-globin 3′-UTR control RNA, are
marked by an asterisk. Protein bands corresponding to TEV-protease and PP7CP are indicated. Co-puriﬁed RNAs appear as yellow bands in the silver stained gel. (B) Western
blot analysis for co-puriﬁcation of known localization proteins with tagged dnd1-LE, velo1-LE and a control RNA. (C) Comparative co-immunoprecipitation analysis with Flag-
tagged versions of Celf1 and Ptbp1 in the absence or presence of RNase A. Co-precipitating proteins from total oocyte extract were detected by Western blot as indicated.
Immunoprecipitation with extract from uninjected oocytes served as negative control.
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blot. Co-immunoprecipitation of Cy3-labeled RNAs was done as
described in Claussen et al. (2011).
2.11. Quantitative RNA-Co-IP
α-Celf1 (3B1, Santa Cruz) or α-Myc (M5546, Sigma) antibodies
coupled to 15 ml gamma bind plus sepharose (GE Healthcare) were
incubated with extracts of 200 stage III/IV oocytes in a volume of
1 ml in IPP145 buffer for 1 h at 4 °C. After washes in IPP145, co-
precipitated RNAs were phenol/chloroform extracted and pre-
cipitated by ammonium acetate/ethanol. RNA levels were de-
termined in Celf1 and control IP fractions as well as in 10% of the
input by quantitative reverse transcription-PCR (qPCR) using the
iQ SYBR Green Supermix and iCycler-system (Bio-Rad). Sequences
of primers used for qPCR ampliﬁcations are available in the sup-
plementary material. The enrichment of localizing RNAs in Celf1-
containing RNPs was calculated as described in Arthur et al.(2009).
2.12. RNA stability
Reporter RNA constructs of ﬁreﬂy luciferase harboring wild-type
or mutant dnd1-LE 5′del1 were co-injected with renilla luciferase
RNA into stage III–IV oocytes and cultured for 24 or 48 h. Injected
amounts were 0.05 fmol per oocyte of ﬁreﬂy constructs and
0.01 fmol per oocyte of renilla RNA. Total RNA was isolated from a
pool of ﬁve oocytes at each time point. RNA levels of ﬁreﬂy re-
porter constructs and renilla were analyzed by qPCR. Sequences of
primers used for qPCR ampliﬁcations are available in the supple-
mental materials. ΔCT values were calculated by subtracting CT
values of renilla from ﬁreﬂy reporter RNAs. ΔΔCT values were
obtained by subtracting theΔCT values of ﬁreﬂywild-type dnd1-LE
from that of ﬁreﬂy mutant dnd1-LE. Relative fold changes of RNA
levels were calculated as 2ΔΔCT.
Fig. 2. Celf1 is a cytoplasmic protein that co-localizes with vegetal RNAs and
known localization factors in Xenopus oocytes. (A) Temporal analysis of Celf1 ex-
pression during Xenopus oogenesis and embryogenesis. Western blot analysis of
Celf1 with equivalent amounts of oocyte and embryonic extract; stages of oogen-
esis and embryogenesis were as indicated. (B) Western blot analysis of Celf1 with
cytoplasmic (C) and nuclear (N) fractions from staged oocytes. α-Stau1 was utilized
as control for a cytoplasmic (Allison et al., 2004) and α-Hnrnpab for a pre-
dominantly nuclear oocyte protein (Czaplinski et al., 2005). (C) Co-localization
analysis for endogenous Celf1 protein and vegetally localizing, microinjected Cy3-
dnd1-LE RNA in Xenopus oocytes. α-Celf1 immunostaining was performed on Cy3-
dnd1-LE RNA injected stage III oocytes. (D) α-Celf1/α-Igf2bp3 co-immunostaining
was performed with stage III oocytes that were injected with Cy3-dnd1-LE. Single
confocal sections are shown. Scale bars indicate 100 mm (whole oocyte) and 20 mm
(magniﬁcation).
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Protein samples were separated by SDS-PAGE and blotted onto
nitrocellulose membranes. Primary antibodies were diluted in 5%
non-fat milk in TBST as follows: α-Celf1 (CUGBP1, sc-20003, SantaCruz) 1/500, α-Flag (F7425; Sigma) 1/500, α-Elavl (HuR, sc-5261;
Santa Cruz Biotechnology, Inc.) 1/4000, α-Igf2bp3 (Zhang et al.,
1999) 1/10,000, α-Staufen 1 (Allison et al., 2004) 1/10,000, and α-
Hnrnpab (40LoVe, Czaplinski et al., 2005) 1/5000 and incubated at
4 °C over night. Secondary donkey α-mouse or α-rabbit IRDye 680
or 800 (LiCor) were used at 1/20,000 dilutions in TBST, incubated
for 1 h at RT, and detection was performed using a LiCor Odyssey
Infrared imaging system. Secondary horseradish peroxidase-cou-
pled α-mouse (Santa Cruz) and α-rabbit (Cell Signaling) antibodies
were used at 1/10,000 and 1/3000 dilutions respectively and de-
tection was done using the ECL system (GE Healthcare).3. Results
3.1. Identiﬁcation of Celf1 as a novel component of vegetal RNA lo-
calization complexes in Xenopus oocytes
In order to identify novel components of vegetal RNA locali-
zation complexes in Xenopus oocytes, we made use of an RNP
reconstitution/puriﬁcation approach (Hogg and Collins, 2007),
employing stage III/IV oocyte extract and synthetic RNAs re-
presenting previously characterized LEs from dnd1 and velo1, two
different late localizing mRNAs (Claussen and Pieler, 2004; Horvay
et al., 2006) and β-globin 3′UTR serving as a negative control.
Several proteins are LE-speciﬁc, either co-purifying with both LEs
or with only one of the two (Fig. 1A). Proteins isolated with all
three RNAs are considered as non-speciﬁc RNA binding proteins.
As a test for successful localization complex reconstitution, we also
analyzed for co-puriﬁcation of known localization complex pro-
teins, such as Stau1 (Yoon and Mowry, 2004), Ptbp1 (Cote et al.,
1999), Hnrnpab (Czaplinski et al., 2005) and Elavl proteins (Arthur
et al., 2009). Indeed, with the exception of Hnrnpab, these proteins
co-eluted with the LE RNAs but not, or only very weakly, with the
β-globin control RNA (Fig. 1B). As it had been reported previously
(Kroll et al., 2009), a relatively high non-speciﬁc RNA binding ac-
tivity was observed for Hnrnpab. These different protein pre-
parations were then subjected to comparative tandem mass
spectrometry, and one of the polypeptides speciﬁcally interacting
with the dnd1-LE but not with the velo1-LE was identiﬁed as Celf1,
a member of the CUG-BP/ELAV-like family of RRM-type RNA
binding proteins with a predicted molecular weight of 53 kD. Celf
proteins have been reported to regulate multiple steps of RNA
processing (reviewed in Dasgupta and Ladd, 2011). In Xenopus,
Celf1 has been described to be involved in mRNA deadenylation
after fertilization (reviewed in Paillard and Osborne, 2003).
In order to verify the association of Celf1 with the vegetal RNA
localization machinery in Xenopus oocytes, Flag-tagged versions of
Celf1 or Ptbp1 were expressed in transport-competent stage III/IV
oocytes and immunoprecipitated. Like the Flag-tagged version of
the previously characterized vegetal localization protein Ptbp1,
Flag-tagged Celf1 is found to be associated with Stau1, Igf2bp3,
Elavl1/2 and Hnrnpab, indicating that Celf1 is indeed a component
of vegetal localization complexes in Xenopus oocytes (Fig. 1C).
Furthermore, as for Flag-tagged Ptbp1, the interaction of Flag-
tagged Celf1 with localization proteins seems to depend on an
intact RNA scaffold, since RNase treatment resulted in a loss of
protein co-puriﬁcation. In summary, components of the RNA lo-
calization machinery in Xenopus oocytes were found to co-as-
semble into reconstituted RNPs, and Celf1 was identiﬁed as a novel
candidate localization protein.
3.2. Celf1 is a cytoplasmic protein that is enriched at the vegetal
cortex, co-localizing with vegetal RNA and known localization factors
Fig. 3. Celf1 interacts with different vegetally localizing RNAs from Xenopus oo-
cytes. (A) In vitro interaction of Celf1 with different LE RNAs. Cy3-labeled LE RNAs
and β-globin 3′UTR control RNA were co-immunoprecipitated with Flag-tagged, in
vitro translated Celf1 or Ptbp1. Unprogrammed reticulocyte lysate served as a ne-
gative control. Supernatant and bound RNAs were separated by urea-PAGE and
detected by ﬂuorescence imaging. (B) Enrichment of endogenous localizing RNAs in
Celf1-containing RNPs. Either α-Celf1 or α-Myc (control) antibodies were used for
immunoprecipitation reactions from stage III/IV oocyte extracts; co-precipitating
RNAs were detected by qPCR. Relative RNA enrichment in the IP-fractions versus
the input and control IP-fractions is depicted; average enrichment factors from
three independent experiments are shown. The error bars indicate standard error
of the mean.
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Celf1 protein is expressed throughout oogenesis and embry-
ogenesis with highest protein levels during oogenesis as well as
during later stages of embryonic development (Fig. 2A). As ob-
served previously, the electrophoretic mobility of Celf1 changes
grossly due to phosphorylation upon egg maturation (Detivaud
et al., 2003) and Celf1 appears mainly in its dephosphorylated
form during embryonic development (Fig. 2A). We detected Celf1
protein signals as doublets throughout oocyte growth and also
throughout embryonic development (Fig. 2A). Phosphatase treat-
ment of stage III and VI oocyte extract caused disappearance of
this additional slower migrating form (data not shown), indicating
constitutive in addition to maturation-induced Celf1
phosphorylation.
Celf1 orthologs from other species had been reported to func-
tion in both nucleus and cytoplasm. In a ﬁrst approach to test for
its subcellular localization, Celf1 presence in nuclear and cyto-
plasmic fractions prepared from staged Xenopus oocytes was
characterized. Celf1 is found to be predominantly present in the
cytoplasm with a minor subfraction detectable in the nucleus of
stage V–VI oocytes (Fig. 2B). In order to study its subcellular lo-
calization at higher resolution, α-Celf1 whole mount im-
munostaining was performed with stage III albino oocytes that
had been injected with Cy3-labeled dnd1-LE RNA in order to allow
for the analysis of co-localization with vegetally localizing RNAs.
The Cy3-dnd1-LE RNA is detected in granular structures within the
vegetal hemisphere cytoplasm, and at the vegetal cortex. En-
dogenous Celf1 co-localizes with Cy3-dnd1-LE RNA (Fig. 2C), and
with known localization complex components such as Igf2bp3
(Fig. 2D) and Stau1 (data not shown) mainly at the vegetal cortex.
Taken together, these observations reveal that Celf1 is a pre-
dominantly cytoplasmic protein that co-localizes with vegetally
localizing RNA and known localization proteins at the vegetal
cortex in Xenopus oocytes.
3.3. Celf1 binds to speciﬁc RNA-LEs in vitro and it is in a complex
with several endogenous, vegetally localizing RNAs
As described above, afﬁnity puriﬁcation had revealed that Celf1
is part of the RNP complex that assembles on the dnd1-LE, but not
with the one formed on the velo1-LE. In order to analyze if Celf1 is
also by itself able to bind to the dnd1-LE and perhaps also to other
LEs, different Cy3-labeled LE RNAs were incubated with in vitro
translated Flag-tagged Celf1 or Ptbp1 and co-precipitated (Fig. 3A,
S1). Under these conditions, Celf1 was indeed found to interact
with the dnd1-LE and, albeit more weakly, with the grip2-LE.
Conversely, no binding was detected with two other LE RNAs de-
rived from either velo1 or gdf1. Ptbp1 served as control as it has
been shown to interact with the dnd1-LE, the grip2-LE and the
gdf1-LE (Claussen et al., 2011).
Such in vitro binding assays test for a direct interaction be-
tween a given RNA and a single protein factor. However, in the
oocyte, RNA-protein complexes could be stabilized by cooperative
binding of multiple different proteins to one and the same LE RNA.
Thus, we also aimed for the analysis of interactions between Celf1
and endogenous localizing mRNAs using extracts from transport
competent stage III/IV oocytes. RNAs co-precipitating with en-
dogenous Celf1 were detected by qPCR and analyzed for their
enrichment in the IP fraction relative to the input and control IP
fractions. Speciﬁc interactions of Celf1 were detected with three
late localizing RNAs including dnd1, and with the early localizing
RNA trim36 (Fig. 3B). However, the relatively weak interaction
with the grip2-LE that was observed in vitro, was not conﬁrmed.
The difference in Celf1 RNA binding observed in these two assays
might be caused by the lack of post-translational proteinmodiﬁcations or interacting partners in vitro. Taken together, these
observations reveal that Celf1 protein is by itself able to interact
with the dnd1-LE RNA in vitro. In the oocyte, it is again found to be
in a complex with dnd1 mRNA and several other, but not all ve-
getally localizing RNAs.
3.4. Mutational interference with Celf1 recruitment reduces the ve-
getal localization activity of the dnd1-LE RNA
In order to delineate the binding region of Celf1 within the
dnd1-LE, co-immunoprecipitation assays using the 272 nucleotide
Cy3-labeled dnd1-LE, as well as a systematic series of 5′- and 3′-
truncated fragments with in vitro translated Flag-tagged Celf1 and
Ptbp1 were performed. 5′-deletions beyond nucleotide 86, and 3′-
deletions beyond nucleotide 145 result in a loss of Celf1 binding
and reduction of Ptbp1 binding. This indicates that the region
critical for Celf1 binding is located between nucleotides 86 and
145 of the dnd1-LE (Fig. 4A, S2A). Celf1 proteins were reported to
Fig. 4. In vitro binding of Celf1 to dnd1-LE involves U/G-rich elements. (A) Co-immunoprecipitation reactions were performed with Cy3-labeled full length (FL) and 5′- or 3′-
deleted fragments of the dnd1-LE RNA and in vitro translated Flag-tagged proteins. The region critical for Celf1 binding is marked in light gray (nt 86-145). (B) Binding
afﬁnities of different bacterially expressed known localization factors to wild-type (wt) and a mutant (mut) version of dnd1-LE RNA that carries multiple U/C to A point
mutations in the U/G-rich Celf1 binding region, were analyzed by electrophoretic mobility shift assays. The relative amount of complexed RNA is plotted against the
individual protein concentrations using non-linear curve ﬁtting; KD values for wild-type and mutant dnd1-LE RNAs are indicated.
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et al., 2011). Visual inspection of the 60 nucleotide Celf1 target site
within the dnd1-LE revealed the presence of several UGU motifs
embedded in a uridine-rich region as putative binding site. In or-
der to create a mutant version of the dnd1-LE that is deﬁcient in
Celf1 binding, a series of U/C to A point mutations was introduced
into this region (Fig. S2B). Since the 233 nt (5′del1) dnd1-LE
fragment maintains full vegetal localization activity (data not
shown), the effect of point mutations on Celf1 binding were testedand further experiments done with this dnd1-LE fragment
(Fig. 4B). Celf1 binding to the mutated version of the dnd1-LE
versus the wild-type version, as well as binding to other known
localization proteins, was analyzed by electrophoretic mobility
shift assays (EMSA) with Cy3-labeled RNA and recombinant, bac-
terially expressed proteins (Fig. S2C). Binding of Celf1 to the mu-
tated dnd1-LE is signiﬁcantly reduced, with an approximately
3 fold increased KD as compared to the wild-type version (Fig. 4B,
S2D). Conversely, dnd1-LE mutagenesis had no or only minor
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mutation of multiple UGU motifs within the Celf1 binding site
creates a mutant version of the dnd1-LE that is speciﬁcally reduced
in its binding to Celf1 but maintains its binding afﬁnity to other
known localization proteins.
Making use of this dnd1-LE mutant, we further tested if Celf1
binding is critical for dnd1-LE localization. Cy3-labeled wild-type
and mutant forms of the dnd1-LE were injected into stage III oo-
cyte nuclei and analyzed for their subcellular localization at dif-
ferent time points after injection by confocal microscopy. As we
used unpigmented albino oocytes precluding identiﬁcation of an-
imal and vegetal poles respectively, RNA was injected into the
nucleus in order to allow for unbiased localization in all oocytes.
Although we cannot exclude any effects on nuclear assembly and
export kinetics of the mutant dnd1-LE RNA, nuclear export of both
mutant and wild-type dnd1-LE is evident after 5 h after injection.
We quantiﬁed their vegetal enrichment once both RNAs are in the
cytoplasm from 5–48 h after injection. However, whileFig. 5. Efﬁcient binding of Celf1 to dnd1-LE RNA is critical for vegetal RNA localization. W
their ability to localize to the vegetal cortex in Xenopus oocytes. (A) Nuclei of stage III oo
ﬁxed after 0–48 h, and analyzed by confocal imaging. Single confocal sections are sho
measuring the ratio of the mean ﬂuorescence along a line at the vegetal cortex (Vg) vers
48 h after microinjection of mutant (mut) or wild-type (wt) dnd1-LE RNA. Error bars i
efﬁciency for wild-type (wt) and mutant (mut) dnd1-LE. Stage III oocytes were co-inje
Average localization efﬁciencies of three independent experiments are shown. The errorecruitment of the wild-type dnd1-LE into transport particles be-
comes visible at 5 h after injection, the majority of mutant dnd1-LE
RNA is then still detected throughout the cytoplasm with only a
very small fraction becoming enriched in vegetal localization
particles (Fig. 5A). Even though this fraction increased with time, a
high proportion of mutant dnd1-LE RNA remained unlocalized in
the cytoplasm. In contrast, wild-type dnd1-LE becomes almost
completely restricted to the characteristic wedge-shaped region,
with no or only residual amounts in the cytoplasm. Quantiﬁcation
of the ratio between vegetal versus animal staining also reﬂects
that weakening of Celf1 recruitment clearly reduces localization
efﬁciency (Fig. 5B). Similar effects on vegetal localization were also
observed by detection of injected lacZ-tagged versions of wild-
type and mutant dnd1-LE by in situ hybridization (Fig. S3). In order
to control for effects that could be caused by variations in locali-
zation capacity of individual oocytes, we also analyzed for locali-
zation efﬁciencies of both wild-type and mutant dnd1-LE in the
same oocyte (Fig. 5C). Co-injection of wild-type and mutant RNAsild-type and the mutant dnd1-LE with reduced afﬁnity for Celf1 were analyzed for
cytes were injected with Cy3-labeled wild-type (wt) or mutant (mut) dnd1-LE RNA,
wn. The scale bar indicates 100 mm. (B) Regional RNA quantiﬁcation was done by
us a line in the animal cytoplasm (An). Kinetics of localization in a time span of 5 to
ndicate standard deviation of approx. 10 oocytes. (C) Quantiﬁcation of localization
cted with wild-type (wt) or mutant (mut) Cy3- or Atto633-labeled dnd1-LE RNAs.
r bars indicate standard error of the mean. po0.05 is indicated (*).
Fig. 6. Overexpression of Celf1 reduces vegetal localization of dnd1-LE in a dose
dependent manner. (A) Stage III–IV oocytes pre-injected with indicated amounts of
RNA encoding Flag-tagged Celf1 or eGFP. Localization of lacZ-dnd1-LE was assayed
by whole mount in situ hybridization against the lacZ-tag. (B) Quantiﬁcation of
localization capability. Variations in oocyte localization capability were equalized
by normalization to localization activity in eGFP injected oocytes, which was set to
100%. Average results of three independent experiments are shown. The error bars
indicate standard error of the mean. po0.05 is indicated (*).
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conﬁrms impaired localization efﬁciency for mutant dnd1-LE as
compared to wild-type dnd1-LE (Fig. 5C). We could not detect a
difference in RNA stability of wild-type and mutant dnd1-LE (Fig.
S4). In summary, sequence alterations within the dnd1-LE RNA
that interfere with binding of Celf1 but not with other localization
proteins, result in signiﬁcantly reduced localization activity in
Xenopus oocytes.
3.5. Celf1 overexpression affects vegetal localization of dnd1-LE
To further address the functional role of Celf1 in vegetal RNA
localization, we also attempted a knock-down of endogenous Celf1
protein. Depletion of mRNA encoding Celf1 by means of antisense
DNA oligonucleotide microinjection into stage III–IV Xenopus oo-
cytes was successful; however, Celf1 protein depletion was not
observed, indicating slow protein turnover (data not shown). In an
alternative approach, mutant versions of Celf1 deﬁcient in nuclear
export or oligomerization (data not shown) were created and
overexpressed in oocytes in order to achieve a dominant negative
effect on RNA localization. While overexpression of none of these
mutants led to a signiﬁcant effect on RNA localization (data not
shown), the overexpression of Flag-tagged wild-type Celf1 im-
paired RNA localization in a dose-dependent manner, as compared
to oocytes overexpressed with the control protein Flag-eGFP
(Fig. 6A and B, S5). This effect is dependent on the RNA binding
capacity of Celf1, as overexpression of a mutant version of Celf1
with highly reduced RNA binding did not affect vegetal RNA lo-
calization (Fig. S6).
Celf1 is phosphorylated after egg maturation (Detivaud et al.,
2003). Strikingly, phosphorylation of the localization complex
component Igf2bp3 upon oocyte maturation correlates with a re-
lease of localized gdf1 mRNA from the vegetal cortex (Git et al.,
2009). Thus, the expression of a phospho-mimetic version of Celf1
might cause a release of localized RNAs from the oocyte cortex. In
order to analyze the effect of Celf1 phosphorylation on RNA
binding, we aimed for the bacterial expression of a recombinant,
phospho-mimetic mutant version of Celf1 with predicted, poten-
tial phosphorylation sites substituted by aspartates (Fig. S7A). As
the phospho-mimetic form of Celf1 was not soluble during pur-
iﬁcation under native conditions, we puriﬁed the mutant and in
parallel wild-type Celf1 under denaturing conditions and re-nat-
ured both (Fig. S7B). Refolding almost recovered RNA binding le-
vels of wild-type Celf1, but RNA binding of the phospho-mimetic
Celf1 is highly impaired (Fig. 4B, S7C-D). However, overexpression
of this phospho-mimetic Celf1 mutant in oocytes did not or only
slightly affect vegetal RNA localization (data not shown). Thus,
although overexpression of this phospho-mimetic Celf1 did not
lead to a dominant negative effect on RNA localization, the ob-
servation that this mutant Celf1 is highly impaired in RNA binding
might suggest that the phosphorylated Celf1 could release its RNA
targets after egg maturation.4. Discussion
In the context of this study, we have identiﬁed Celf1, a pre-
viously known RRM-type RNA binding protein, as a novel com-
ponent of the vegetal RNA localization complex in Xenopus oo-
cytes. It is associated with several but not all vegetally localizing
RNAs and it co-localizes with vegetal RNA and proteins in granular
structures at the vegetal cortex. In vitro binding assays show that it
is by itself capable of interacting with different LEs. Gain- and loss-
of-function experiments indicate that Celf1 plays an active role in
RNA localization to the vegetal cortex in Xenopus oocytes.
Celf1 is a member of the vertebrate CELF (CUG-BP, Elav-like)family of RNA binding proteins containing three RRMs. CELF pro-
teins have been reported to function in multiple aspects of mRNA
metabolism (reviewed in Dasgupta and Ladd, 2011). In the nucleus,
Celf1 regulates alternative splicing of pre-mRNAs (Philips et al.,
1998; Ladd et al., 2001) and cytoplasmic functions include reg-
ulation of mRNA stability (Vlasova-St Louis et al., 2013), dead-
enylation (Paillard et al., 1998; Moraes et al., 2006) and translation
(Kim-Ha et al., 1995; Filardo and Ephrussi, 2003; Sugimura and
Lilly, 2006). In Xenopus, Celf1 has been reported to promote rapid
deadenylation of maternal mRNAs by binding to U(A/G) containing
embryo deadenylation elements (EDEN) upon fertilization (Pail-
lard et al., 1998).
Using manually prepared nuclear and cytoplasmic fractions
from Xenopus oocytes, we could detect Celf1 mainly in the cyto-
plasm. However, since Celf1 was previously reported to localize to
lampbrush chromosomes of Xenopus oocytes, suggesting Celf1
recruitment to nascent transcripts (Morgan, 2007), a small fraction
of the protein is expected to localize to the nucleus. Protein do-
mains mediating nuclear import and export were deﬁned in
chicken CELF2 (ETR-3) (Ladd and Cooper, 2004), a Celf family
member with high functional as well as sequence similarity to
Celf1 (Ladd et al., 2001). Similarly, separable NLS and NES activities
are also present in Xenopus Celf1 (data not shown). Thus, even
though the steady state distribution of Celf1 is predominantly
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into nuclear RNPs together with Hnrnpab and Ptbp1 (Kress et al.,
2004).
However, overexpression of a nuclear export deﬁcient mutant
version of Celf1 did not affect vegetal localization of dnd1-LE RNA
(data not shown). Similarly, we did not observe an effect on nu-
clear export of a mutant dnd1-LE reduced in Celf1 binding. In
general, cytoplasmically injected RNAs are able to localize in early
and late stage oocytes, suggesting that a nuclear assembly of lo-
calization RNPs is negligible for vegetal transport (Allen et al.,
2003; Czaplinski et al., 2005; Heinrich and Deshler, 2009); a de-
tailed comparative analysis of this issue has not yet been carried
out. Thus, if nuclear recruitment of Celf1 to LE-containing RNAs is
indeed critical for vegetal RNA localization remains to be
determined.
Vegetal localization RNPs have been suggested to undergo re-
modeling in the cytoplasm, affecting protein composition as well
as modulation of protein–protein and RNA–protein interactions;
this process could be regulated by post-translational protein
modiﬁcations (reviewed in Lewis and Mowry, 2007; Lewis et al.,
2008). The mainly cytoplasmic localization of Celf1 is compatible
with the idea that it might participate in these events. The asso-
ciation of Celf1 with different known localization factors is RNase
sensitive, indicating that Celf1 is recruited via target RNA binding
rather than by protein–protein interactions. Interestingly, the
binding sites in the dnd1-LE appear to overlap for all localization
factors tested in vitro, indicating that binding to individual locali-
zation factors might be mutually exclusive. In support of this no-
tion, attempts to bind multiple different localization factors to the
dnd1-LE in vitro were not successful (data not shown). On the one
hand, the ability of multiple different localization proteins to bind
to the same RNA target site could reﬂect functional redundancy,
perhaps ensuring vegetal RNA transport also in the absence of one
or the other transport protein. However, speciﬁc reduction of Celf1
binding to the dnd1-LE severely reduces localization, arguing for a
central role of Celf1 during vegetal localization of the dnd1-LE,
which cannot be compensated for by other proteins. These results
indicate that excess wild-type Celf1 might sequester other locali-
zation proteins into non-functional protein-protein complexes,
thereby inhibiting vegetal RNA localization. Alternatively, the
overexpression of wild-type Celf1 could lead to binding to low
afﬁnity binding sites of the RNA and thus compete with binding of
other localization factors, thereby interfering with localization RNP
assembly. Indeed, the inhibitory effect of excess wild-type Celf1 on
vegetal RNA localization seems to depend on RNA binding, as
overexpression of mutant versions of Celf1 with reduced RNA
binding afﬁnity (RRM- and phospho-mimicking mutants) do not
affect vegetal localization of the dnd1-LE (Figs. S6, S7).
If vegetal RNA transport involves the formation of higher order
RNP granules, containing multiple copies of the same or even
different transcripts, remains to be determined. Co-transport of
multiple different RNAs would allow efﬁcient use of motor-pro-
teins, protection from degradation or joint translational repres-
sion. While Drosophila K10 localization RNPs reconstituted in vitro
as well as native localization RNPs contain only a single copy of
one RNA species (Amrute-Nayak and Bullock, 2012), RNA trafﬁck-
ing in S. cerevisiae was shown to occur via the assembly of dif-
ferent RNAs into one and the same RNP (Lange et al., 2008). The
ﬁnding that Celf1 binds to multiple different localizing mRNAs,
together with its ability to oligomerize (Cosson et al., 2006), is
compatible with a role in the formation of large heterogeneous
localization RNPs containing multiple different transcripts. Celf1
oligomerization has been shown to be critical for binding and
deadenylation of target RNAs during early Xenopus embryogenesis
(Cosson et al., 2006) and Celf1 might thus similarly promote
multimerization of localization RNPs in the oocyte. However,overexpression of a mutant version of Celf1 that lacks the oligo-
merization domain, or injection of a peptide corresponding to
same domain, had no effect on dnd1-LE RNA localization in Xe-
nopus oocytes (data not shown). Thus, a role of Celf1 oligomer-
ization in the process of vegetal RNA localization remains to be
determined. Other candidate proteins with putative roles in the
formation of large transport RNP granules are Igf2bp3, which has
been reported to homo-dimerize (Git and Standart, 2002; Farina
et al., 2003), and Ptbp1, whose Drosophila homolog has been
shown to be critical for the formation of higher order oskar loca-
lization RNPs (Besse et al., 2009). Multimerization of localization
RNPs might also be mediated by RNA-RNA interactions, as shown
for the oskar mRNA in Drosophila (Jambor et al., 2011). However, if
this is of similar relevance during vegetal transport in Xenopus
oocytes remains to be determined.
Xenopus Celf1, as well as orthologs from other species, have
previously been reported to mediate translational repression of
their corresponding target RNAs, either by recruitment of PARN
and CCR4/Not deadenylases, interference with cap-dependent
translation, or oligomerization into large silencing RNPs (Naka-
mura et al., 2004; Chekulaeva et al., 2006; Vlasova-St Louis et al.,
2013). However, luciferase reporter assays did not reveal any dif-
ference in translation of wild-type and mutant dnd1-LE containing
RNAs with reduced Celf1 binding activity (data not shown).
Nevertheless, Celf1 recruitment may not be sufﬁcient to mediate
translational repression and could also require binding of addi-
tional factors to regions of the dnd1-RNA outside of the LE.
Celf1 co-localizes with vegetal RNA and Igf2bp3 at the cortex,
an observation compatible with the idea of a function in cortical
anchoring. Igf2bp3 has previously been proposed to exert a func-
tion in anchoring of gdf1 mRNA at the vegetal cortex (Git et al.,
2009). Egg-maturation-induced phosphorylation of Igf2bp3 cor-
relates with release of Igf2bp3 itself and gdf1 mRNA from the ve-
getal cortex, most likely as a consequence of altered protein in-
teractions with other RNP components or with the cytoskeleton. A
phospho-mimetic mutant version of Celf1 is highly impaired in
RNA binding, an observation that is in line with the idea that
phosphorylation upon egg maturation (Detivaud et al., 2003)
might induce the release of its target RNAs in vivo. However, if
phosphorylation of endogenous Celf1 does indeed lead to the re-
lease of its bound RNA remains to be determined. It will be in-
teresting to determine if the phosphorylation of Celf1 might also
alter protein-protein interactions in Celf1-containing localization
RNPs.Acknowledgments
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